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Electron diffraction is a standard tool to investigate the atomic structure of surfaces, interfaces, and adsorbate
systems. In particular, photoelectron diffraction is a promising candidate for real-time studies of structural
dynamics combining the ultimate time resolution of optical pulses and the high scattering cross-sections for
electrons. In view of future time-resolved experiments from molecular layers we studied the sensitivity of
photoelectron diffraction to conformational changes of only a small fraction of molecules in a monolayer
adsorbed on a metallic substrate. 3,3’,5,5’-tetra-tert-butyl-azobenzene served as test case. This molecule
can be switched between two isomers, trans and cis, by absorption of ultraviolet light. X-ray photoelectron
diffraction patterns were recorded from tetra-tert-butyl-azobenzene/Au(111) in thermal equilibrium at room
temperature and compared to patterns taken in the photostationary state obtained by exposing the surface
to radiation from a high-intensity helium discharge lamp. Difference patterns were simulated by means
of multiple-scattering calculations which allowed us to determine the fraction of molecules that underwent
isomerization.
PACS numbers: 79.60.Dp, 33.15.Hp, 61.05.js
I. INTRODUCTION
Small organic molecules that undergo pronounced and
reversible conformational changes upon photoexcitation
represent an important class of molecular switches. They
can be used as building blocks in materials and devices
with promise for interesting optoelectronic and optome-
chanical applications1–3. Adsorbed on surfaces, they are
of interest in the context of molecular electronics and
smart surfaces where they may introduce functionalities
that can be controlled by light of specific wavelengths.
For this purpose one would like to characterize their
switching behavior in the adsorbed state in terms of
structural rearrangements and structural dynamics.
The photo-induced trans to cis isomerization in
azobenzene along the N=N double bond connecting the
two phenyl rings is an early example of photo-switching4,5
that has been studied in great detail in solution later on6.
Azobenzene was found to adsorb on Au(111) in well or-
dered monolayers7. However the photo-switching ability
of the molecule is not preserved, most likely due to the
presence of short-lived electronic states in the metal sub-
strate, which dissipate energy before the conformational
change is finished8. The coupling to the surface can be re-
duced by the attachment of four tert-butyl (TB) ligands
to the 3 and 5 positions of the two phenyl groups of the
azobenzene molecule. These spacers allow the molecule
to maintain the switching ability on a metal surface. In-
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deed, the light-induced trans-cis isomerization of tetra-
tert-butyl-azobenzene (TBA) adsorbed on Au(111) has
been observed by scanning tunneling microscopy8 and
by two-photon photoemission spectroscopy9.
The pronounced structural changes in the
TBA/Au(111) system associated with the trans-cis
isomerization have been studied experimentally by
means of near-edge x-ray absorption fine structure
(NEXAFS)10 and theoretically by density functional
theory (DFT)11. The trans isomer adsorbs in a nearly
planar geometry with both phenyl rings parallel to the
surface. In the cis isomer one of the phenyl groups flaps
up by ≈ 30◦ while the second one finds itself perpendic-
ular with respect to the surface normal10, as shown in
Fig. 1 (bottom part). In the present work it is explored
to what degree this structural rearrangement can be
detected via x-ray photoelectron diffraction (XPD)12,
which can in principle provide very detailed and precise
information on adsorbate geometries13,14. This is done
in view of future time-resolved XPD experiments with
femtosecond resolution in a pump-probe scheme15,16
that may shed light on the switching dynamics.
In XPD an electron is promoted from a core-level to
a continuum of free-electron-like states by absorption of
an x-ray photon. The photoelectron wave propagates
from the emitting atom through the surface and is par-
tially scattered by neighboring atoms, thus generating
an interference pattern by coherent superposition of di-
rect and scattered waves12. The angular intensity dis-
tribution is recorded as a function of emission direc-
tion. At kinetic energies of a few hundred eV XPD pat-
terns are dominated by relatively narrow forward focus-
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FIG. 1. Schematic diagram of the photoisomerization pro-
cess: TBA adsorbed on a Au(111) surface exhibits two differ-
ent structural configurations, trans and cis. Since the energy
minimum of the cis isomer is significantly more shallow than
the one of the trans isomer, the net thermal transition rate
drives the molecule towards the trans state17. The molecule
can be switched between trans and cis by absorption of light
as depicted by the dashed arrows9.
ing peaks18. These diffraction maxima are caused by
small-angle scattering where the scattering form factor
is strongly peaked. Thus, these maxima in the photoe-
mission intensity distribution directly indicate real-space
vectors between the emitter site and other atomic sites.
One particular challenge for time-resolved XPD stud-
ies of molecular switches will be that, for low pump flu-
ence, only a small fraction of the adsorbed molecules may
undergo the trans-cis isomerization, and that the isomer-
ization dynamics will follow many different trajectories.
Since photoemission samples a macroscopic surface area,
the XPD pattern represents a superposition of many co-
existing conformations15. The goal of the present work is
to compare the XPD pattern from a monolayer of TBA
molecules on Au(111) in thermal equilibrium at room
temperature with a XPD pattern obtained from the same
ensemble of molecules during exposition to ultraviolet
radiation from a continuous high-intensity source. The
differences in the patterns are related to conformational
changes of the excited molecules. In combination with
scattering calculations, the quantitative analysis of the
XPD patterns allows the fraction of excited molecules to
be determined.
The trans isomer is the stable ground state of the
azobenzene molecule, with the cis isomer slightly higher
in energy and separated by a high barrier in the potential
energy surface (Fig. 1, top part). In solution the absorp-
tion of ultraviolet (UV) light (≈ 365 nm) can promote
it to the cis state via pi → pi∗ (S2) excitation. The re-
verse reaction can be triggered with high quantum yield
by blue light (≈ 420 nm)5,19 by n → pi∗ (S1) excita-
tion. Depending on the excitation wavelength and light
intensity, a so-called photostationary state (PSS) is es-
tablished in an ensemble of azobenzene molecules with a
defined cis-to-trans ratio. Adsorbed on a surface, the sit-
uation is different in that the absorption spectra change
and any photon with energy > 2 eV can trigger isomer-
ization in either direction17. It has been shown that the
excitation proceeds predominantly via electron-hole pair
creation in the metal substrate followed by a positive
ion resonance due to charge transfer of holes from the
substrate d-bands into the HOMO20. A more detailed
discussion can be found in Section IV.
II. EXPERIMENT
A. Data acquisition
The Au(111) surface was prepared by cycles of sput-
tering and annealing in order to obtain a clean and
highly-ordered surface. The surface quality was checked
by means of x-ray and ultraviolet photoelectron spec-
troscopy (XPS and UPS, respectively) and low-energy
electron diffraction. TBA was synthesized and charac-
terized according to the procedure given in Alemani et
al21. The preparation and adsorption behaviour of TBA
on Au(111) is discussed in detail by Hagen et al22. The
molecules were evaporated onto the surface from TBA
powder with a home-built Knudsen cell at a tempera-
ture of 370 K. The substrate was held at 410 K during
deposition22. The coverage of the molecular layer is im-
portant: In the compressed phase (1 ML=1 monolayer),
the molecular interactions are presumed to be stronger
and the phenyl rings are tilted with respect to the surface
whereas in the relaxed phase (coverages up to 0.9 ML)
they lie parallel to the substrate for the trans isomer9.
The coverage was controlled during deposition by mon-
itoring the workfunction change23 and after deposition
determined by means of XPS. All data presented here
were taken for 0.9 ML TBA/Au(111).
The photoemission data were recorded at room tem-
perature and at a pressure of p < 3 · 10−10 mbar during
the measurement without He lamp in a modified ver-
sion of the VG Escalab 220 spectrometer24. For the
XPS/XPD measurements, photons from the Mg Kα line
(hν = 1253.6 eV) were used. The five-axis sample go-
niometer of the manipulator allows one to rotate the
sample orientation in order to map the photoemission
intensity distribution over the full hemisphere above the
sample surface. Every angular setting, and thereby ev-
ery data pixel represents emission into a solid angle of
the same size. The data were background corrected by
subtracting a background function slowly varying with
the polar emission angle, and averaged taking advantage
of the three-fold rotational symmetry of the substrate
around the surface normal. For visualization they are
3represented in stereographic projection. A more detailed
description of the data treatment will be given in Sec-
tion III.
A microwave-driven high-intensity He discharge source
(VUV5000, Gammadata AB)25 with the monochroma-
tor set to zero order was used to expose the molecules
to visible and near-UV radiation, which is dominated by
lines at wavelengths of 388 nm, 402 nm, 447 nm and
505 nm, respectively26. Moreover, very strong emission
is found at 58.4 nm (21.2 eV, HeI), and two weaker
lines lie at 53.7 nm and 30.4 nm in the vacuum ultra-
violet (VUV)25. It is known from scanning tunneling
microscopy (STM)8,27 and two-photon-photoemission
(2PPE)9,20 measurements that prolonged exposure of
molecules to UV radiation drives the TBA/Au system
into a photostationary state. The ratio of cis and trans
isomers in dynamical equilibrium, i.e. the PSS is given by
the ratio of the cross-sections for the two photo-induced
transitions and the thermal transition rate28. The time
needed to reach the PSS depends essentially on the total
isomerization cross-section and on the photon flux. By
comparing the photon flux and photon-energy dependent
cross-sections from previous work8,9,20 with those from
our He discharge lamp, we estimate the time required to
drive the system into the dynamical equilibrium to be less
than one hour (see the quantitative analysis presented be-
low in Section IV). This was confirmed a posteriori by
the observation that we switched on the He lamp about
one hour before starting the actual measurement and ob-
tained consistent results for the different runs and for the
different angular settings used during the 10-12 hours of
data acquisition.
B. Electron Diffraction in Atomic Clusters (EDAC)
calculations
XPD patterns were simulated by multiple-scattering
cluster calculations using the electron diffraction in
atomic clusters (EDAC) code29, which has been shown
to describe experimental data well30. Briefly, the calcu-
lations are based on interference of the direct wave and
waves scattered several times by the atoms surrounding
the emitter. The coherent sum is then evaluated at the
position of detection in the far field. The computations
are done by using a cluster model of the substrate, which
allows adsorbed molecules to be included in a straight-
forward fashion14. The atomic positions of the trans and
cis isomers of TBA adsorbed on Au(111) were taken from
the DFT calculation of McNellis et al.11. The two clus-
ters consist of a single TBA molecule (trans and cis) on a
gold (111) substrate. The total number of atoms in one
cluster is N = 150. The atomic coordinates served as
input to EDAC calculations, which are shown in Fig. 2a
and b beside the atomic structures predicted by DFT.
The kinetic energy for the simulations was 854 eV, which
corresponds to emission from the N 1s core-level (binding
energy of ≈400 eV) with photons from the Mg Kα line
(hν = 1253.6 eV).
a) trans
b) cis
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FIG. 2. Hard sphere models and corresponding simulated
scattering patterns of single TBA molecules in two different
configurations: a) trans isomer and b) cis isomer. We as-
sumed emission from the N 1s level using Mg-Kα radiation
(Ekin ≈ 854 eV). The orientation of the substrate is the same,
the horizontal corresponding to the direction [112] as indi-
cated. The adsorption geometries and the atomic positions
were taken from McNellis et al11.
III. RESULTS AND QUALITATIVE ANALYSIS
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FIG. 3. Data acquisition and data treatment: a) Experimen-
tal XPS spectrum. The red peak is due to emission from the
N 1s state. The intensity of this peak is recorded as a function
of the emission angle which results in the raw XPD pattern
b). c) N 1s XPD pattern after subtraction of the spectral
background. d) Final diffraction pattern after subtracting a
Gaussian background in order to compensate for instrumental
effects. e) Spectral background measured for the same kinetic
energy Ekin ≈ 854 eV on the bare Au(111) surface.
The two simulated N 1s XPD patterns of Fig. 2 illus-
trate the pronounced differences that one would measure
4for an individual molecule that undergoes the trans-cis
isomerization. At the kinetic energy of 854 eV, the XPD
patterns are dominated by forward scattering (see the
work of Greif et al.14 and references therein). As can be
seen in Fig. 2a, the dominant forward focusing peaks in
the diffraction pattern for the nearly planar trans isomer
appear near grazing emission and along azimuthal direc-
tions near ±90◦ away from the [112] direction. They
correspond to forward focusing by the nearest carbon
atoms, one for each nitrogen emitter. Carbon scatterers
further away contribute less pronounced signals, because
several of them lie within a narrow cone such that their
scattering signals become strongly entangled. Intensities
at lower emission angles arise due to higher order in-
tramolecular scattering and backscattering from the sub-
strate.
The cis isomer is far from planar since one of the
phenyl moieties of the TBA is flapped up perpendicu-
lar to the surface while the second one is slightly tilted
upwards11 (see Figs. 1 and 2b). Therefore, forward focus-
ing signals now appear at angles closer to normal emis-
sion than for the trans isomer, forming a complex pattern
with little symmetry. The brightest spots near the cen-
tre belong to the nearest carbon atoms of the phenyl ring
which is flapped up. The three less intense forward fo-
cusing maxima which can be found at higher emission
angles near the bottom of the pattern are linked to the
second, slightly tilted phenyl.
In order to demonstrate the sensitivity of the method
to conformational changes of a small fraction of TBA
molecules we recorded two experimental XPD patterns
for two different states: The first pattern was recorded
without additional UV source (trans only). The second
pattern was taken while the sample was illuminated with
the He high intensity lamp with the monochromator in
zero order. This led to a photostationary state with a
specific ratio of cis to trans molecules.
The experimental procedure is visualized in Fig. 3 for a
data set measured without UV illumination of the sam-
ple: The intensity of photoelectrons at the N 1s core-
level position was recorded as a function of emission an-
gle and displayed in stereographic projection, just like
the EDAC simulations of Fig. 2. It is important to note
that each pixel represents emission into a well-defined
and constant solid angle. The raw data pattern (Fig. 3b)
is essentially featureless except for a marked polar de-
pendence. To make the intramolecular diffraction fea-
tures visible, the spectral background underneath the
N 1s peak was subtracted. This background was mea-
sured on a bare, clean Au(111) surface. It is not fea-
tureless, but contains signatures of photoelectrons pro-
duced deep below the Au(111) surface as a consequence
of multiple elastic and inelastic scattering within the fcc
lattice31. This particular way of background subtrac-
tion is not the standard procedure in XPD experiments,
where normally the background is determined from in-
tensity measurements to the left and right of the peak of
interest and subsequent interpolation12. In the present
case the standard procedure did not succeed mostly due
to the very steep inelastic background (Fig. 3a). Finally,
a two-dimensional Gaussian function centered at normal
emission was subtracted from the data in order to remove
polar dependencies related to instrument geometry. This
includes the varying probe volume, x-ray spot size on
the surface and changing inelastic attenuation length of
the photoelectrons32. Since we are interested in slight
changes of the signal, only a minimum of data treatment
shall be applied here. The same procedure was applied
to the data taken with the sample being irradiated by
UV light.
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FIG. 4. Comparison of simulated and experimental patterns:
a) and b) EDAC calculations after three-fold averaging for
trans and cis isomers, respectively. c) and d) experimental
XPD patterns for N 1s emission in trans and photostationary
state, respectively.
When comparing the measured XPD data of Fig. 3d,
which should correspond to the trans isomer, to the
EDAC simulations, one has to consider one more step:
owing to the three-fold symmetry of the Au(111) sur-
face, the simulated pattern needs to be symmetrized by
summing up three patterns rotated by 120◦ with respect
to each other. In Fig. 4 the experimental data are com-
pared to the symmetrized results of the EDAC calcula-
tions. The agreement is good at large polar angles for
the trans isomer: The six maxima related to nitrogen-
carbon forward focusing between 70 − 80◦ appearing in
the EDAC calculation for the trans isomer (Fig. 4a) can
also be found in the experimental pattern (Fig. 4c). Some
of the finer structures seen in the experiment are also re-
produced. Remaining discrepancies might call for a re-
finement of the structural parameters, but this is beyond
5the scope of this work.
The XPD data from the UV illuminated sample, which
was in a photostationary state with so far unknown
cis:trans ratio, are shown in Fig. 4d. The pattern is very
similar to the one from the non-illuminated sample, with
very subtle changes. This suggests that the cis:trans ra-
tio is rather small. Accordingly, none of the features of
the symmetrized cis state pattern (Fig. 4b) can be clearly
recognized.
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FIG. 5. Difference patterns for the ”cis-trans” isomerization.
Left panel: EDAC simulation, right panel: difference of the
two experimental patterns after three-fold average and nor-
malization to the integral yield before background subtrac-
tion. The angular scales are indicated and the color code is
defined such that blue color represents a loss of spectral weight
and red color an increase of spectral weight upon excitation
by UV light.
In order to verify that the signal changed upon illumi-
nation we subtracted the raw data of the experimental
patterns recorded in PSS and trans from each other after
careful normalization for x-ray flux using reference mea-
surements on the bare substrate. No background sub-
traction or correction for instrument functions was car-
ried out because these effects affect both measurements
in the same way and, therefore, cancel out in the dif-
ference pattern. Moreover, irrespective of the number
of molecules which switched during the experiment the
difference pattern is always the same qualitatively if the
total number of molecules is constant. The difference
pattern is displayed in Fig. 5 and compared to the cor-
responding difference pattern obtained from the EDAC
simulations.
Both, the experimental and the simulated patterns
show a clear shift of spectral weight from high to low
polar angles. This can easily be understood by compar-
ing the results with the structures of the isomers shown
in Fig. 2. As described above, at kinetic energies of about
850 eV the electrons are predominantly scattered in for-
ward direction. Hence, emission is enhanced at high polar
angles for the trans isomer, and for lower polar angles in
the cis isomer.
Moreover, some propeller-like lobes can be observed
in the experimental difference pattern which might cor-
respond to three positive maxima found in the simu-
lation at polar angles between 65◦ and 80◦ in Fig. 5.
The structure in the experimental pattern appears to be
broadened. Since in the cis isomer both phenyl moieties
are lifted from the surface and since interactions between
neighboring molecules are expected to be negligible, the
phenyls may rotate around the nitrogen-carbon bonds,
thus reducing strongly the rigidity of the molecules. As
a consequence, any azimuthal structure which leads to
rather sharp features for emission from trans isomers, is
expected to be smeared out in the case of the cis isomer,
in agreement with our findings.
IV. QUANTITATIVE ANALYSIS
A quantitative assessment is more complex. The main
reason is that the calculation of the switching proba-
bility relies on the scattering calculations. In principle
one might compare the modulation amplitude in the dif-
ference pattern shown in Fig. 5 to the intensity of the
pure trans signal, for instance. The EDAC calculations
then provide the reference, i.e. the relative change in
the pattern expected for the isomerization of 100% of
the molecules on the surface. This procedure is prone to
errors due to the instrumental normalization required to
account for polar variations of the geometrical light in-
cidence and analyzer focus and the inelastic attenuation
length, as already outlined in Section III. In particular,
any normalization procedure affects the distribution in
polar angle. The latter is the most significant part of the
difference patterns as can be easily seen in Fig. 5.
We have therefore chosen another approach to ac-
cess the isomerization ratio quantitatively. We use [cis]
and [trans] to denote the relative occurrences of cis
and trans isomers on the surface with the normalization
[cis]+[trans]=1. We may then write the resulting photo-
electron distribution in any state as follows:
I(θ, φ) = [cis] · Icis(θ, φ) + [trans] · Itrans(θ, φ), (1)
where θ and φ denote the polar angle with respect to
the surface normal and the azimuthal angle around the
surface normal with respect to the crystalline [1 1 2] di-
rection, respectively (see Figs. 2 and 4). We assume that
the sample without UV illumination is close to pure trans
state ([trans]=1 and [cis]=0), denoted hereafter as Itrans ,
while the photostationary state can be written as mixed
state IPSS. Since the concentrations [cis] and [trans] in
IPSS are still unknown, we test our assumption made
in Eqn. (1) and subtract the experimental trans pattern
multiplied with a factor x ranging from 0 to 1 from the
experimental pattern in the PSS:
∆I(x, θ, φ) = IPSS(θ, φ)− x · Itrans(θ, φ). (2)
If we compare Eqns. (2) and (1) we see that at x = [trans]
the resulting pattern ∆I(x, θ, φ) must be a pure cis pat-
tern. This procedure is visualized in Fig. 6: starting at
x = 0.1 with a pattern close to the calculated trans pat-
tern and increasing x we continuously approach a pattern
which is close to the EDAC simulation of the cis state.
6x=0.1 x=0.9x=0.7x=0.5x=0.3
EDAC trans EDAC cis
0 20 40 60 80
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Θ=76o
Experiment
FIG. 6. Comparison of calculated and experimental patterns for various values of x. From left to right: EDAC calculation for
trans, experimental patterns IPSS(θ, φ) − x · Itrans(θ, φ) for x = 0.1 through x = 0.9 and EDAC calculation for cis. The circle
in the EDAC trans calculation indicates a polar emission angle of θ = 76◦.
Note that as already mentioned above the features are
smeared out due to increased flexibility of the molecules
around the nitrogen-carbon bonds.
The most clear signature of the transition from trans to
cis is found at high polar angles. Therefore, we use these
features as fingerprints and assume their intensity to be
proportional to the density of the corresponding isomers.
In addition, it is advantageous to compare traces at fixed
polar angle: The intensity variation with polar angle is
due to geometrical changes of the focii of light source and
electron analyzer, and changes of electron escape depth,
and optical matrix elements. The variation and the re-
quired normalization is a priori unknown. If only az-
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FIG. 7. Azimuthal cuts at θ = 76◦ along the circle shown in
Fig. 6. Top panel: experimental traces from x = 0 (topmost
trace, blue open symbols) to x = 1.0 (bottommost trace, solid
turquoise symbols) in steps of ∆x = 0.05 (see text for details).
Bottom panel: azimuthal cuts through the simulated EDAC
trans (blue open symbols) and cis (solid turquoise symbols)
patterns at the same angular position.
imuthal rotations at constant polar angle are considered,
these variations can by neglected. At θ ≈ 76◦ we observe
six sharp spots due to the well-defined nitrogen-carbon
bonds in the trans state. They gradually disappear with
increasing x. At x ≈ 0.9 three large lobes are observed
and some weaker features reminiscent of the cis pattern.
If we extract the intensity as function of azimuthal angle
at θ = 76◦ for all these distributions we obtain the traces
displayed in Fig. 7, which are compared to correspond-
ing curves obtained from the calculations. One clearly
observes the transition from the trans to the cis pattern
by following the disappearance of the strong maxima at
φ = 30◦ and 90◦.
For a more objective analysis, a statistical evaluation
is required. In contrast to earlier studies (e.g. Refs. 33
and 34), in which a modified χ2 function was used35 , we
used the Pearson correlation coefficient r to compare each
of the azimuthal distributions shown in Fig. 7 with the
corresponding curves from the trans and cis calculations.
The Pearson r-factor is defined as the covariance of two
functions normalized by the square roots of the variances
of each of them36. It does not require any treatment like
scaling of the data prior to the calculation of the correla-
tion function. In case of maximum (anti-) correlation, r
must approach the value of (-)1, a value of 0 corresponds
to no correlation. We evaluated the following expression
for cis and the analogous one for trans, and for the two
most suitable angles θ = 76◦ and 78◦:
rcis(x) =
∑
i (∆I(x,θ,φi)−〈∆I〉) · (Icis(θ,φi)−〈Icis〉)
s∆I · sIcis (3)
with s∆I =
√∑
j (∆I(x, θ, φj)− 〈∆I〉)2
and sIcis =
√∑
k (Icis(θ, φk)− 〈∆I〉)2,
where 〈∆I〉 and 〈Icis〉 denote the average values of ∆I
and Icis for all angles φ, respectively.
The results are shown in Fig. 8. As expected for
x ≈ 0 the r factor is higher for the trans state than
for cis. When x increases the correlation with trans be-
comes weaker, while the r-factor reflecting the covariance
with the cis trace increases. The r-factor of the cis goes
through a maximum for both angles. The weighted mean
value at which r is maximum is xm = 0.92± 0.025. This
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FIG. 8. Pearson correlation coefficient36 r comparing the ex-
perimental cuts of Fig. 7 (θ = 76◦, triangles) and for θ = 78◦
(circles) with the cuts through the calculated patterns for cis
(solid orange symbols) and trans (open blue symbols) states.
means that 8.0%± 2.5% of the molecules underwent iso-
merization into the cis state in our case.
In order to compare to published switching probabili-
ties, we have to take the temperature and different pho-
ton energies into account. It must be emphasized that
the isomerization process and the cross-sections change
considerably when going from molecules in solution to
molecules adsorbed on surfaces17. Based on temperature-
and photon-energy dependent 2PPE experiments, Hagen
and co-workers proposed the following picture for the iso-
merization of TBA on Au(111)17,20,28: Electrons are ex-
cited by photons out of the substrate Au 5d manifold
and the photohole is transferred to the HOMO of the
TBA molecule. The minimum energy required for creat-
ing photoholes in the 5d levels is about 2.2 eV, which is in
agreement with the observed threshold behaviour at 2 eV
of the isomerization cross-section and the almost constant
value for photon energies between 2.2 and 4.4 eV20. For
higher photon energies the effective cross-section strongly
increases again due to increased photoionization proba-
bility of Au 5d.
The transient positive ion resonance due to hole trans-
fer into the HOMO allows for efficient energy transfer
to the molecule and, thereby, triggers the isomerization.
The isomerization may proceed in both ways, from trans
to cis and from cis to trans. The branching ratio, i.e.
the relative probabilities for the two directions are fairly
constant in energy17 and roughly 1:1 slightly in favor of
the trans to cis transition17,27. While in solution the
potential energy surface of TBA has two minima of com-
parable depth for the two isomers, the minimum of the
cis isomer of TBA becomes shallow upon adsorption on
a metal substrate. This favors thermally activated iso-
merization and leads to a net thermal isomerization rate
from cis to trans. Thus, the relative fraction of cis and
trans molecules is given by the ratio of the cross-sections
for photo-induced switching and the thermal rate. The
photostationary state comes closer to the pure trans state
at higher temperature. The typical time scale for reach-
ing the PSS is given by the effective isomerization cross-
section and the photon flux.
While the VUV photon flux of the He dis-
charge lamp used here is known from photocurrent
measurements24,25, the flux of visible and near-UV pho-
tons had to be determined in a separate experiment using
a discharge source working at the same discharge pres-
sure. We obtain a flux of about 1.1 × 1014 ph/(cm2
s) for photon energies higher than 2.2 eV, about the
same order of magnitude as the one of VUV photons
of 1.8 × 1014 ph/(cm2 s). Using these numbers and our
experimental results, and assuming the known branching
ratio17 for cis and trans isomerization, we achieve good
agreement with observed values using an effective cross-
section of the order of σeff ≈ 10−17 cm2. The time re-
quired to drive the system into the photostationary state,
defined as 90% of the final cis concentration, is estimated
to be about one hour, based on the results for the pho-
ton flux and cross-sections and in agreement with own
experimental findings. The effective total isomerization
cross-section σeff derived here is higher by several orders
of magnitude than cross-sections of 10−23 cm2 at a pho-
ton energy of about 3 eV and 30 K27 or 10−22 cm2 for
visible light and a temperature of 90 K28. This can be ex-
plained by the higher photoionization cross-section of the
Au 5d states37 and the possible direct photo-ionization
of the TBA molecule.
V. OUTLOOK: TIME-RESOLVED PHOTOELECTRON
DIFFRACTION EXPERIMENTS
A standard photoelectron diffraction data set repre-
sents the angular distribution of photoemission intensity
recorded at fixed electron kinetic energy for a chosen
number of emission directions. When investigating sensi-
tive surface systems like layers of organic molecules data
acquisition should be fast to avoid sample damage. Fur-
thermore, the number of emission angles recorded will
depend on the goal of experiment, because a full and ac-
curate structure determination requires a fine grid in po-
lar and azimuthal angle. According to experience, such
a grid covering the full hemisphere above the sample has
4’000-5’000 angles, spaced such that each pixel represents
the same solid angle. Using parallel data acquisition as
it is possible with most modern electron detectors the
number of sample settings can be greatly reduced38.
The strategy will be different if the structural dynamics
are studied. Time-resolved experiments are usually car-
ried out in pump-probe mode. After an excitation pulse
(pump), the transient structure can be tracked by photo-
electrons excited by a second time-delayed (x-ray) probe
8pulse. Thus, the time delay represents an additional pa-
rameter, which has to be varied, multiplying the number
of measurements with the number of time delays. The
latter is typically of the order of 100 steps. Our present
results demonstrate the sensitivity of XPD to structural
changes in a small number of molecules on top of a high
background of molecules in the ground state. Such a mea-
surement could correspond to one such time delay setting
in a time-resolved pump-probe experiment. Realistically,
however, the number of emission directions (pixels) is
limited to the number of angular channels which can be
recorded in parallel in a single measurement. Longer in-
tegration times and, thereby, better data statistics often
outweigh the number of pixels in such experiments35.
Quantitative assessment then requires the use of finger-
prints representing all possible transient structures. Such
fingerprints can be either numerical simulations as in our
case here or the existence of reference data from these
transient structures. Reference date must be taken from
pure samples. This is impossible in the present case but
such data can be measured in static measurements from
all phases of a system undergoing a phase transition as a
function of sample temperature, for instance. In order to
compare the data, it turned out to be advantageous to
analyze difference data. In this way, problems with data
normalization due to a change in geometry upon sample
rotation are minimized and subtraction of a background
is not necessary because it cancels in the difference data
to a good approximation. Moreover, in the present case
the normalization was avoided by solely comparing traces
as function of the azimuthal angle at constant polar an-
gle. Since the azimuthal rotation corresponds to a rota-
tion around the surface normal, the experimental geom-
etry does not change and any intensity modulations can
be attributed to effects due to the electronic or atomic
structure of the surface under investigation? .
The features of the patterns which can clearly be at-
tributed to one of the structures can be used as finger-
prints. In this case, a full structure determination at each
delay is not required, what reduces considerably the mea-
surement time. The intensity of the features is a simple
measure of the number of molecules in the correspond-
ing transient state. Statistical analysis can be used in
order to assess the ratios of the isomers in a quantitative
way. For each delay time step, the best match is found
by evaluating reliability factors as shown in the present
work.
VI. CONCLUSION
In conclusion we presented photoelectron diffrac-
tion data from tetra-tert-butyl-azobenzene molecules ad-
sorbed on Au(111). Upon excitation with visible, ultra-
violet, and vacuum-ultraviolet radiation, the molecules
undergo reversible trans-to-cis isomerization, which can
be detected in the diffraction patterns. Moreover, a
quantitative analysis revealed that the isomerization
can be driven very efficiently with high-energy vacuum-
ultraviolet photons. This gives further evidence for an
isomerization mechanism, which proceeds by generation
of photoholes in the Au 5d shell and hole transfer into
the HOMO, where a transient positive ion is formed. The
excess energy is then used to drive the isomerization of
the molecule.
The fact that a small number of switched molecules
can be observed in photoelectron diffraction experiments
on top of a large background of passive molecules opens
new possibilities for studying structural dynamics in solid
surfaces with potentially femtosecond time resolution.
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